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WARP is a novel member of the von Willebrand factor A domain 
superfamily of extracellular matrix proteins that is expressed by 
chondrocytes. WARP is restricted to the presumptive articular car- 
tilage zone prior to joint cavitation and to the articular cartilage and 
fibrocartilaginous elements in the joint, spine, and sternum during 
mouse embryonic development In mature articular cartilage, 
WARP is highly specific for the chondrocyte pericellular microen- 
vironment and co-localizes with perlecan, a prominent component 
of the chondrocyte pericellular region. WARP is present in the gua- 
nidine-soluble fraction of cartilage matrix extracts as a disulfide- 
bonded multimer, indicating that WARP is a strongly interacting 
component of the cartilage matrix. To investigate how WARP is 
integrated with the pericellular environment, we studied WARP 
binding to mouse perlecan using solid phase and surface plasmon 
resonance analysis. WARP interacts with domain III-2 of the perle- 
can core protein and the heparan sulfate chains of the perlecan 
domain I with K D values in the low nanomolar range. We conclude 
that WARP forms macromolecular structures that interact with 
perlecan to contribute to the assembly and/or maintenance of "per- 
manent" cartilage structures during development and in mature 
cartilages. 



The extracellular matrix (ECM) 3 is a complex and dynamic three- 
dimensional environment that plays fundamental roles in morphogen- 
esis and development, tissue structure, repair, and metastasis (1). The 
tissue-specific expression of collagen types and specialized ECM com- 
ponents results in the formation of architecturally precise interacting 
networks with unique functional and biological characteristics. A 
diverse range of ECM components have been described including more 
than 20 distinct collagen subtypes and a large number of proteoglycans 
and noncollagenous proteins. Many of these matrix proteins are mod- 
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ular in structure in that they are composed of protein domains, which is 
important in generating the multifunctionality that is characteristic of 
ECM proteins (2, 3). One of these domains, found in a growing number 
of ECM proteins involved in supramolecular structures, is the A domain 
first described in von Willebrand factor (VWA domain). VWA domains 
arc found in a diverse range of ECM proteins including collagens (types 
VI, VII, XII, XIV, XX, XXI, XXVII, and XXVIII), matrilins, cochlin, 
polydom, AMACO (VWA-like domains related to those in matrilins 
and collagens), and the extracellular portions of nine transmembrane 
a-integrin chains (4-6) 

We recently identified a new member of the von Willebrand factor A 
domain superfamily, WARP (von Willebrand factor A domain-related 
protein), that may have evolved from a collagen-like molecule (7, 8). The 
WARP protein comprises a single N-terminal VWA domain containing 
a putative metal ion-dependent adhesion site motif, two flbronectin 
type III repeats, and a unique C-terminal segment. Our studies demon- 
strated WARP expression by chondrocytes, and in transfected cells 
WARP is a secreted glycoprotein that can form multimeric structures 
(7). We report here that in mouse cartilage WARP defines the presump- 
tive articular cartilage prior to joint cavitation and subsequently during 
development is present in articular cartilage as well as in several fibro- 
cartilage elements. Biochemical analysis demonstrated that WARP 
exists as disulfide-bonded multimers in cartilage tissue. Furthermore, 
we show that WARP can strongly interact with perlecan, providing a 
mechanism by which WARP is integrated into the extracellular matrix 
of cartilage. 

EXPERIMENTAL PROCEDURES 

cDNA Constructs and Cell Culture—The hexahistidine-tagged 
WARP constructs in the pCEP4 vector (7) containing single Cys-to-Ser 
mutations at amino acid 369 or 393 and the double mutant (C369S/ 
C393S) were generated by strand overlap extension PCR (9). The wild- 
type and mutant His- WARP cDNAs were transfected into HEK 293- 
EBNA cells using FuGENE 6 transfection reagent (Roche Applied 
Science) and grown as described (7). 

WARP Immunoprecipitations— Transfected cells were grown to con- 
fluence in 35-mm dishes and labeled for 18 h with 300 u.Ci of L-[ 35 S]me- 
thionine (1388 Ci/mmol; PerkinElmer Life Sciences) in Dulbecco's 
modified Eagle's medium as described previously (7). Briefly, the cell 
and medium fractions were collected in the presence of protease inhib- 
itors, and His-tagged WARP was immunoprecipitated from the cell and 
medium fractions with anti-His antibody (Roche Applied Science) (0.5 
/ig/ml) and protein A-Sepharose overnight. Following washing, the 
immunoprecipitated material was denatured and fractionated on a 7.5% 
(v/v) SDS-polyacrylamide gel and subjected to fluorography. 
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Cartilage Sample Preparation— Femoro-tibial joint and rib cartilage 
was dissected from newborn mice and powdered in a liquid nitrogen- 
cooled Spex freezer mill and dissolved in neutral salt buffer (40 mM 
Tris-HCl, pH 7.5, 10 mM EDTA containing Complete protease inhibitor 
mixture; Roche Applied Science). Following sonication, the soluble 
material was collected (fraction 1), and the insoluble material was 
treated overnight at 37 "C with 0.02 units of chondroitinase ABC (Seika- 
gaku) and 1 unit of hyaluronidase (Sigma) to cleave hyaluronan and 
chondroitin sulfate GAG chains. Following washing the soluble mate- 
rial was collected (fraction 2), and the insoluble pellet was dissolved in 6 
M GuHCl, 40 mM Tris-HCl, pH 7.5, 10 mM EDTA containing protease 
inhibitors for 5 h at 4 "C and then centrifuged at room temperature for 
20 min. The supernatant was saved as soluble fraction 3, the matrix 
components were precipitated with 95% ethanol, and the pellet was 
washed with 70% ethanol. The samples were then freeze- dried and 
resuspended in 200 jil of 8 M urea, 4% CHAPS, 40 mM Tris base, and 2 
mM tributyl phosphine (Bio-Rad). For some experiments the reducing 
agent tributyl phosphine was omitted. 

Antibodies — Polyclonal antisera against the VWA domain and C-ter- 
minal domains of WARP were produced commercially in rabbits (Insti- 
tute of Medical and Veterinary Science, Adelaide, Australia) using the 
GST- VWA domain (amino acids 21-212) and the maltose-binding pro- 
tein-C-terminal domain (amino acids 389-415) fusion proteins 
expressed in bacteria as antigens. The antisera bound to the fusion 
proteins in a dose-dependent manner in a standard enzyme-linked 
immunosorbent assay (not shown). The anti-VWA domain WARP 
polyclonal antibody was further affinity- purified against the antigen 
immobilized on a nitrocellulose membrane as described elsewhere (10) 
and used in immunohistochemical staining experiments at a final con- 
centration of 1 /xg/ml. Briefly, the GST- VWA domain fusion protein 
was transferred to nitrocellulose following SDS-PAGE. The band was 
visualized by staining with 0.1% Ponceau S (w/v) in 5% acetic acid and 
cut out. The nitrocellulose strip was destained, blocked with 3% BSA in 
PBS, and incubated with the anti-VWA antiserum overnight at 4 °C. 
Following washing, bound antibody was eluted with 0.1 M glycine-HCl, 
pH 2.5, neutralized by the addition of 1 M Tris-HCl, pH 8.0. The poly- 
clonal anti-C-terminal antiserum was used at a dilution of 1:1000 in 
immunohistochemistry and immunoblots and 1:200 in solid phase 
assays. Serum from the same rabbit, taken prior to immunization with 
the WARP fusion protein, was used as a negative control. For immuno- 
gold electron microscopy experiments, a polyclonal antibody raised in 
sheep against full-length recombinant WARP (described under 
"Recombinant Proteins ") was used. 

An antibody to bovine matrilin-l was kindly provided by Prof. Mats 
Paulsson (University of Cologne, Cologne, Germany) and was used at a 
dilution of 1:3000 for immunohistochemistry or 1:500 for immunoblot- 
ting. Affinity- purified antibody against mouse perlecan domain V (11) 
was used at a final concentration of 2 /xg/ml in immunohistochemical 
experiments. A monoclonal antibody against perlecan (MAB 1948; 
Chemicon), was used in the immunogold experiments. 

WARP Immunoblotting— fractions 1, 2, and 3 (20 u,g) were dena- 
tured by heating at 95 "C for 5 min, separated on a 10% polyacrylamide 
gel, and transferred to Immobilon 1 M -P polyvinylidene difluoride mem- 
brane (Millipore). The membrane was blocked in 5% milk powder in 
PBS for 1 h and then incubated in antibody buffer (0.5% milk powder in 
PBS with 0.1% Tween 20) containing either WARP (1:1000 dilution) or 
matrilin-l antisera for 1 h. Following three washes in PBS with 0.1% 
Tween 20, anti- rabbit lgG horseradish peroxidase secondary antibody 
(Dako) was added at a dilution of 1:10,000 in antibody buffer and incu- 
bated for 1 h. Following washing, the signal was developed with ECL 



Plus Western blotting detection system (Amersham Biosciences) and 
autoradiography using X-Omat film. 

WARP Immunohistochemistry— Embryonic mouse tissues were sur- 
gically removed and frozen in Tissue-Tek O.C.T. compound (Circle 
Scientific). Tissues from post-natal mice were fixed in Histochoice 
(Amresco) overnight at 4 °C before decalcification in PBS with 7% (w/v) 
EDTA. 10-u.m sections were mounted and fixed in 95% ethanol, 5% 
acetic acid or in Histochoice (Amresco). To facilitate antibody penetra- 
tion into the ECM, sections were treated with 0.2% hyaluronidase 
(bovine, type IV; Sigma) and treated with 0.3% H 2 0 2 (v/v) in methanol 
to inactivate endogenous peroxidases. After blocking with 1 % BSA (w/v) 
in PBS, the sections were immunolabeled with the rabbit antisera or 
preimmune serum and detected using the Vectastain Elite ABC kit 
(Vector Laboratories). Bound antibodies were visualized using Sigma- 
Fast DAB tablets, and sections were counterstained with hematoxylin. 

For immunogold electron microscopy, native suprastructural frag- 
ments were isolated from human articular cartilage and placed on grids. o 
Samples were doubly immunostained with polyclonal sheep antisera i 
against full-length WARP (or the VWA domain or C-terminal WARP, § 
described above) and a monoclonal antibody against perlecan and col- §. 
loidal gold-labeled secondary antibodies of different sizes and analyzed 3* 
with transmission electron microscopy as described (12). j? 

In Situ Hybridization — 15-p.m cryosections were fixed with 4% § 
paraformaldehyde in PBS for 15 min. Nonspecific probe binding was 
blocked by carbethoxylation with 0.1% active diethyl pyrocarbonate in S 
PBS twice for 15 min before prehybridization in buffer containing 50% ^ 
formamide, 5X SSC, and 40 fig/ml salmon sperm for 2 h at 58 *C. q 
Hybridization solution was prepared by adding a 1-kb digoxigenin-la- a. 
beled riboprobe complementary to the 3'-untranslated region of c 
WARP, or the sense orientation negative control, to prehybridization 2> 
solution at 400 ng/ml and denatured at 80 °C. The sections were hybrid- o 
ized at 58 *C overnight and washed with 2X SSC and 1 X SSC for 1 h at g 
65 "C. Immunodetection was performed as described elsewhere (13). 5- 

Recombinant Proteins— Recombinant His- WARP was purified from ° 
the media of transfected 293-EBNA cells using nickel ion affinity chro- O 
matography as described for decorin (14). Fractions enriched for WARP o 
dimer were used for subsequent interaction analyses (see Fig. 5). w 

Recombinant mouse perlecan domain IA containing heparan sulfate "E 
(15); mutant domain I lacking heparan sulfate (16); domains II (17); 3 
subdomains III- 1, III-2, and III-3 (18); subdomains IV- 1 and IV-2 (19); S 
and domain V (11) were expressed in 293-EBNA cells and purified as p> 
described. Protein concentrations were determined by amino acid anal- o 
ysis. Full-length perlecan was purified from mouse Engelbreth-Holm- o> 
Swarm tumor (20). 

Solid Phase Binding Assay— Multiwell plates (96 wells, Immulon 4; 
Dynatech) were coated with recombinant proteins (1 or 5 fxg/ml, 50 
jxl/well) or heparin (1 jtg/ml) (Sigma) isolated from porcine intestinal 
mucosa in enzyme-linked immunosorbent assay coating buffer (50 mM 
sodium carbonate, pH 9.2) overnight at room temperature. Following 
four wash buffer (0.15 M NaCl, 0.05% Tween 20) rinses, nonspecific 
binding sites were blocked for 1 h with Tris-buffered saline (0.15 M 
NaCl, 50 mM Tris, pH 7.4) containing 1% BSA. Incubations with recom- 
binant WARP (0-200 nM) were carried out in Tris-buffered saline for 
1 h. In some experiments 5 mM CaCl 2 or 10 mM EDTA was included in 
WARP incubations and the subsequent washes. Incubation with the 
primary polyclonal antibodies (diluted 1:200) against the soluble ligands 
was followed by incubation with anti-rabbit IgG horseradish peroxi- 
dase-conjugated secondary antibody (diluted 1:1000; Dako). Color was 
developed with 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid 
(ABTS) in citrate buffer (0.1% (w/v) ABTS, 0.03% H 2 0 2 , 61 mM citrate, 
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FIGURE 1. Distribution of WARP mRNA and pro- 
tein in developing articular cartilage. WARP 
protein was restricted to the chondrogenous lay- 
ers {arrowheads), but not the intermediate layer 
{arrow), of the joint interzone at E15.5 {A) and to 
the presumptive articular cartilage at El 8.5 (O- 
Matrilin-1 was absent from the developing articu- 
lar cartilage but was detected throughout the 
underlying epiphyseal cartilage {8 and D). WARP 
mRNA was expressed by cells of the chondroge- 
nous zone of the interzone {arrowheads) between 
the femur and patella at E14.5 (£) in a frontal sec- 
tion of the knee joint but was absent from the 
intermediate layer {arrow) and the epiphyseal car- 
tilage. No hybridization with the sense probe was 
detected (0. Histology was performed with Alcian 
Blue, hematoxylin, and eosin (G). In the 2-week-old 
knee joint, WARP immunostaining was pericellular 
throughout the superficial zone of the femoral and 
tibial articular cartilage and in the meniscus (H and 
J). In addition to these sites, in 6-week-old mice 
WARP was detected through the intermediate 
zones of the femoral and tibial articular cartilage 
and the superficial zone of the patella {K and M). 
Control sections from 2-week-old {/) and 6-week- 
old {Q mice were probed with WARP preimmune 
serum. The scale bars are 1 00 jim (4-G), 250 jim {H, 
I, K, and L), and 50 /xm {J and M). fe, femur; ti, tibia; 
pa, patella; me, meniscus. 




77 mM Na 2 HP0 4 .2H 2 0 pH 4.0), and color yields were determined at 
405 nm using a microtitre plate reader (model 450; Bio-Rad). Nonspe- 
cific binding to 1% BSA was subtracted from each absorbance reading. 

Surface Plasmon Resonance Analysis— The BIAcore 3000 system 
(BIAcore AB) was used to characterize interactions between WARP and 
perlecan and WARP self-association. Purified recombinant proteins 
were immobilized to a CM5 sensor chip at 25 °C at a flow rate of 5 
pd/min. The sensor chip was activated with a 35-/xl mixture of 50 mM 
Af-hydroxysuccinimide and 200 mM AAethyI-AT-(dimethylaminopro- 
pyl) carbodiimide. WARP (30 /xg/ml) in 5 mM sodium malate, pH 6.0, or 
perlecan subdomain III-2 (30 /xg/ml) in sodium citrate, pH 3.35, were 
coupled. The remaining active groups were blocked with 1 m ethanola- 
mine HQ, pH 8.5. A control surface containing no immobilized ligand 
was prepared by activation and blocking in the absence of ligand. The 
immobilization resulted in 3500-4200 resonance units for WARP and 
3600 resonance units for perlecan subdomain III-2. Binding studies 
were performed in HEPES-buffered saline buffer (10 mM HEPES, pH 
7.4, 0.15 M NaCl, 5 mM CaCl 2 , 0.005% P-20) at a flow rate of 5 ptl/min, 
and the binding sites of the immobilized ligands were regenerated using 
a 12-s pulse of either 30 or 50 mM NaOH at 50 ^1/min. WARP was 
immobilized (3900 response units) to the CI biosensor surface in 10 mM 
sodium acetate, pH 5.0. The perlecan domain 1 binding studies were 
performed as described above except that WARP surface was regener- 
ated using a 6s pulse of 10 mM NaOH and the experiment was carried 
out at a flow rate of 30 ^tl/min. For the kinetic analyses, the flow rates 
were performed at 30 /xl/min. In one experiment WARP was coupled 
directly to the sensor chip (990 response units). Alternatively WARP (30 
jig/ml, 5-min injection) was bound to immobilized anti-His antibody 
(9000 response units). After subtraction of blank curves, the association 
(k a ) and dissociation (k d ) rate constants were determined simulta- 
neously using global curve fits to the equation for 1 : 1 Langmuir binding 
in the BIAevaluation 3.2 software (BIAcore AB). 



RESULTS 

Distinct Localization of WARP in Joint Cartilage during Development— 
The spatial distribution of WARP in the developing mouse knee joint 
was assessed during development at El 5.5 and El 8.5 and later in the 2- 
and 6-week-old knee joint. Immunohistochemistry was performed 
using the polyclonal antibody raised to the WARP C-terminal domain, 
with the corresponding preimmune serum used as a negative control. 
The results were verified by immunostaining with the WARP anti- 
VWA domain antibody (data not shown). 

At E15.5, the joint cavity between the cartilage rudiments of the 
femur and tibia had not formed. The femur and tibia anlagen were 
separated by the joint interzone, consisting of two chondrogenous lay- 
ers separated by an intermediate zone of mesenchymal cells, which will 
differentiate to form the articular surfaces and the joint cavity. At E15.5 
WARP was present in the chondrogenous layers of the joint interzone of 
the femur and tibia (Fig. I A) but was absent from the underlying epiph- 
yseal cartilage and the noncartilaginous intermediate layer of the future 
joint space. In comparison, antibodies against another VWA domain 
superfamily member used as a marker for developing cartilaginous 
structures, matrilin-1, strongly labeled the cartilage anlage of the devel- 
oping femur and tibia but not the joint interzone (Fig. 15). In E18.5 mice, 
WARP protein was restricted to ^-6-10 cell layers extending from the 
articular surface (Fig. 1C). Matrilin-1 was absent from this developing 
articular zone but was abundant throughout the epiphyses of the femur 
and tibia (Fig. ID). No staining was detected with the preimmune serum 
(not shown). 

To determine the site of WARP mRNA expression during early joint 
development, in situ hybridization was performed on frontal sections 
from an E14.5 mouse knee joint. Consistent with the distribution of 
WARP protein, WARP mRNA was expressed by cells of the two chon- 
drogenous layers of the joint interzone separating the femur and patella 
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FIGURE 2. Immunohistochemical detection of 
WARP and matrilin-1 In El 8.5 spine and ster- 
num. In spine, WARP protein had a pericellular dis- 
tribution throughout the annulus fibrosus [arrow) 
of the intervertebral disc and the articular surfaces 
of the rib and vertebrae (A and B). Matrilin-1 was 
barely detectable in these structures but was 
abundant throughout the cartilage anlage of the 
developing vertebral bodies and ribs (E and F). In 
the sternum, WARP protein was restricted to the 
synarthrodia! joints {arrow) between the sterne- 
brae (C and D). Matrilin-1 antibodies strongly 
immunolabeled the cartilage anlage of the ribs 
and sternebrae but was absent from the synarth- 
rodia! joints (G and H). Control sections were 
probed with WARP preimmune serum {l-L). Carti- 
lage proteoglycans were visualized with Toluidine 
Blue 0, and the sections were counterstained with 
Fast Green FCF [M-P). For each spine and sternum 
set of images the scale bars of the panels on the left 
are 250 jim, and those of the panels on the right 
are 100 /j.m. vb, vertebral bodies; ri, rib; st, 
sternebrae. 
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but was absent from the mesenchymal intermediate layer of the inter- 
zone and from the epiphyseal cartilage (Fig. l£). No signal was seen with 
the sense orientation negative control (Fig. \F). 

In 2-week-old mice, after development of the secondary ossification 
center, WARP localized to the pericellular matrix primarily around 
superficial zone chondrocytes of the femoral and tibial articular carti- 
lage (Fig. 1, H and J) and could also be detected in the superficial layers 
of the meniscus (Fig. \H) and the patella (not shown). In 6-week-old 
articular cartilage, the distribution of WARP was clearly restricted to the 
pericellular matrix, with no detectable interterritorial matrix staining 
(Fig. 1, /Cand M). Pericellular WARP immunolabeling was also seen in 
the meniscus, the patella, and the intermediate as well as superficial 
zones of the femoral and tibial articular cartilage. No immunostaining 
was detected in sections probed with the preimmune serum (Fig. 1, 
/and L). 

WARP Also Localizes to the Permanent Cartilages of Spine and 
Sternum— In the spine, immunostaining for WARP was restricted to 
the articular surfaces of the ribs and vertebrae at the costo-vertebral 
joint and barely detectable in the rib costal cartilage and vertebral body 
(Fig. 2A). WARP also exhibited a pericellular staining pattern through- 
out the annulus fibrosus of the intervertebral disc (Fig. 25). In contrast, 
matrilin-1 antibodies strongly labeled the cartilage anlage of the devel- 
oping vertebral bodies and ribs (Fig. 2, £ and F) and was barely detect- 
able in articular cartilage of the costo-vertebral joint and in the annulus 
fibrosus, in a distribution complementary to that of WARP. 

In the embryonic sternum, WARP exhibits a pericellular distribution 
in the fibrocartilaginous synarthrodial joint between each sternebrae 
(Fig. 2, Cand D) and is absent from the anlage of the developing ribs and 
sternebrae. Strong matrilin-1 immunoreactivity was detected through- 
out the embryonic anlage of the ribs and sternebrae but was absent from 
the synarthrodia] joint (Fig. 2, G and H). This distribution is comple- 
mentary to that of WARP, a consistent observation from analysis of the 
developing joint and spine. 

WARP Forms Disulfide-bonded Multimers in Cartilage — To assess 
whether WARP forms multimeric structures in vivo, mouse cartilage 
preparations were serially extracted under progressively more denatur- 



ing conditions and the solubilized material in each extract subjected to 
immunoblot analysis using WARP antisera. Serial extraction of femoro- 
tibial joint cartilage, first with neutral salt buffer and then extraction of 
the insoluble material with hyaluronidase and chondroitinase ABC to 
degrade hyaluronan and chondroitin sulfate GAG chains and release 
interacting proteins, did not extract WARP (Fig. 3A, lanes J and 2). 
However, extraction of the remaining insoluble material with the strong 
denaturant 6 M guanidine HC1 solubilized WARP protein, which was 
detected as a band on SDS-polyacrylamide gels migrating at ~50 kDa 
when resolved under reducing conditions (lane 3), consistent with the 
predicted molecular mass of the WARP monomer (7). The ECM "adap- 
tor" molecule, matrilin-1, was also present in the guanidine-soluble 
extract (lane 4), in agreement with published data (21). The finding that 
WARP is solubilized by 6 M guanidine HCI suggests that, as with matri- 
lin-1, WARP is a strongly interacting component of the cartilage ECM. 
When resolved without reduction, WARP migrated as disulfide-bonded 
oligomeric forms greater than 200 kDa (Fig. 3B, lane 1). Immunoblot 
analysis on conditioned media from cells transfected with WARP cDNA 
confirms that WARP assumes several multimeric forms, including a 
dimer at 100 kDa, that are reducible to a 50-kDa monomer (Fig. 3B, 
lanes 2-4). These multimers were also formed by purified recombinant 
WARP, confirming that these structures are likely to be oligomers of 
WARP rather than WARP bound to other molecules (lanes 5 and 6). 

The ability of WARP to self-associate was assessed in BlAcore bio- 
sensor experiments where WARP coupled to the sensor chip surface 
was challenged with WARP in solution (Fig. 3Q. Soluble WARP (120- 
720 nM) bound to immobilized WARP in a dose-dependent manner. 
Global or local curve fitting using BIA evaluation software (v3.2) failed 
to fit these binding curves using the Langmuir 1:1 model, suggesting 
that the WARP- WARP interactions reflect complex self-associations, 
consistent with WARP multimerization. 

To test whether one or both Cys residues are involved in multimer 
stabilization, the two C-terminal cysteines were mutated to serine res- 
idues separately and in tandem (Fig. 3D), and their effects on multim- 
erization were assessed in transfected cells (Fig. 3£). Because the major- 
ity of WARP is present in the medium fraction rather than the cell 



i 

O 
CD 
Q. 
CD 
Q_ 

B 
3 



D" 

O 

b 

W 

O 

0) 

CL 

3 
c 

(A 

£ 
a 

1 

o 

TJ 
O 



CO 
CD 
T3 
CO 

3 
cr 

CD 



to 
o 
o 

CD 



7344 JOURNAL OF BIOLOGICAL CHEMISTRY 



VOLUME 281 • NUMBER 1 1 • MARCH 1 7, 2006 



WARP Interacts with Perlecan 



2 3 4 



12 3 4 




220 
97 

4S 



Reduction: 



5 6 





• 720 nM 



• 360 nM 
180 nM 
,120 nM 



0 50 100 ISO 200 250 300 (s) 

E 



ci MW*vTXJ$ 



WT C1 C2 C1C2 > 
CMCMCMCMCM 



C2 



cic2 {H^^J3IXS3^ 



220- 

97- 
66 

46 




jo 



-D 



1 23456 7 89 10 



FIGURE 3. Analysis of WARP multimers. A, serial extraction of WARP from cartilage. 20 
jig of protein solubilized in neutral salt buffer {lane ?), following hyaluronidase/chon- 
droitinase ABC digestion [lane 2), and 6 m guanidine HCI extraction [lanes 3 and 4) was 
resolved under reducing conditions on 10% (v/v) polyacrylamide gels and immuno- 
blotted using either WARP anti-VWA (lanes 1-3) or matrilin-1 (lane A) polyclonal antisera. 
Migration positions of molecular mass markers (kDa) are indicated on the left. B, multim- 
erization of WARP. Guanidine HCI extracts (20 >xg) of cartilage isolated from rib (lane /) 
were analyzed by immunoblotting after electrophoresis under nonreducing conditions. 
Conditioned media from 293-EBNA cells transfected with WARP cDNA (lanes 3 and 4) 
were resolved without (lanes 2 and 3) and with reduction (lane 4) and analyzed by immu- 
noblotting. Lack of bands in untransfected cells (lane 2) demonstrates specificity of the 
WARP antisera. Purified His-tagged recombinant WARP was also analyzed by SDS-PAGE 
in the absence (lane 5) or presence of reducing agents (lane 6). WARP was detected by 
immunoblotting with the anti-VWA domain antibody (lane J) or the anti-C-terminal 
domain antibody (lanes 2-4), or by silver staining (lanes 5 and 6). C, analysis of WARP 
multimerization by surface plasmon resonance. WARP immobilized on a CMS sensor 
chip was presented with WARP dimer in solution (0.72, 0.36, 0.18, and 0.1 2 (jm) injected 
at a flow rate of 5 jil/min. 0, diagram of WARP cysteine mutants. The domain structure of 
WARP comprises an N-terminal VWA domain and two fibronectin type III repeats (F3) 
followed by a short C-terminal domain. Cysteine-to-serine single and double point 
mutations were introduced at Cys 369 and Cys 393 . E, analysis of WARP multimerization in 
vitro. 293-EBNA cells expressing wild type (WT, lanes 1 and 2), C369S (CD (lanes 3 and 4), 
C393S (C2) (lanes 5 and 6), C369S/C393S (C1C2) His-WARP mutant (lanes 7 and 8), and 
untransfected cells (lanes 9 and W) were metabolically labeled for 16 h with ["SJmethi- 
onineand His-WARP immunoprecipitated from media (lanes M) and cell lysates (lanes Q 
using an anti-His antibody. The samples were resolved by 7.5% (v/v) SDS-polyacrylamide 
gel under nonreducing conditions, and the radiolabeled proteins were visualized by 
fluorography. The migration positions of monomers (M), dimers (D), and oligomeric 
structures (O) are noted on the right, and molecular mass markers are on the left (kDa). 
RU, response unit(s). 




FIGURE 4. WARP and perlecan co-localize in articular cartilage. Perlecan localizes to 
the articular cartilage of 6-week-old mice (A). Higher magnification of articular cartilage 
in A is shown in B. Note the perlecan staining in the pericellular microenvironment. For 
comparison, the pericellular localization of WARP is shown in C. Representative micro- 
graphs showing the co-localization of WARP and perlecan in native fibrils extracted from 
human articular cartilage visualized by electron microscopy (O). Immunogold particles 
(WARP, 18-nm particles; perlecan, 1 2-nm particles) were localized within the extrafibrillar 
material in close association. The scale bars are 50 /xm in A, 10 fim in fi and C, and 1 00 nm 
in D. 

fraction of all four transfected cell lines, the introduced mutations did 
not result in intracellular accumulation of the mutant protein. In cells 
expressing the wild-type chain, WARP migrated primarily as dimeric 
and higher order forms with several discrete bands greater than 250 kDa 
{lane 2) that were identified as WARP in immunoblotting experiments 
(Fig. 35). The CI and C2 single cysteine mutants both migrated as a 
monomer and a dimer with no higher molecular mass structures evi- 
dent (lanes 3-6). As expected, disulfide-bonded dimers or multimers 
were not detected in the C 1 C2 double mutant, which migrated only as a 
monomer (lanes 7 and 8). These data suggest that both Cys residues can 
participate in disulfide bond formation and that both Cys residues are 
required to stabilize the higher molecular mass WARP oligomers. 

WARP Co-localizes with Perlecan— Our finding that WARP forms 
multimeric structures in the cartilage extracellular environment raises 
the possibility that, like other multimeric components such as matrilins, 
WARP interacts with different cartilage ECM molecules. Because it has 
been reported that perlecan, a large multidomain proteoglycan that is 
essential for skeletal development, is a component of the cartilage peri- 
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FIGURE 5. Modular structure of WARP, perlecan, 
and perlecan fragments. Shown are diagrams of 
WARP (A) and perlecan fragments (O and protein 
samples used in interaction analysis [B). Recombi- 
nant protein samples were resolved on 10% (v/v) 
SDS-polyacrylamide gel, and the gel was sub- 
jected to silver staining. The samples are: WARP 
(lane I); perlecan domain I [lane 2): domain l-mut 
lacking heparan sulfate GAG chains (lane 3); 
domain II (lane 4); subdomains 111-1, -2, and -3 
(lanes 5-7); subdomains IV- 1 and -2 (lanes Sand 9); 
and domain V (lane 10). Note that the heparan sul- 
fate GAG chains present on domain I prevents the 
core protein from taking up the silver stain. Dia- 
gram of modular structure of perlecan shown in C 
is adapted from Ref. 35. 
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cellular environment (22-26), we assessed whether WARP and perle- 
can co-localize in articular cartilage. We performed immunohisto- 
chemistry on mouse articular cartilage from 6-week-oId mice and 
immunogold electron microscopy on human articular cartilage extract 
using antisera against WARP and monoclonal antibodies against perle- 
can (Fig. 4). In 6- week-old mice perlecan was present in articular carti- 
lage and specifically localized to the chondrocyte pericellular region 
(Fig. 4, A andB) in a pattern that was strikingly similar to that of WARP 
(Figs. lAf and 4C). 

Immunogold electron microscopy was performed on extracts of 
human articular cartilage using an antibody against recombinant full- 
length WARP (18-nm particles) and a monoclonal anti-perlecan anti- 
body (12-nm particles) (Fig. 4D). Both molecules were frequently found 
in close association within the amorphous extrafibrillar material, pro- 
viding further evidence that WARP and perlecan co-localize in articular 
cartilage. The immunogold EM experiments were repeated using the 
VWA domain and C-terminal WARP antisera, and the same pattern of 
co-localization with perlecan was demonstrated (data not shown). 

. WARP Interacts with Perlecan— W r e have established that WARP is a 
multimeric ECM component that localizes to the same connective tis- 
sue compartment as perlecan in cartilage. To investigate whether 
WARP interacts directly with perlecan, intact perlecan isolated from 
mouse Engelbreth- Holm -Swarm tumor cells was coated onto microti- 
tre plates, and recombinant WARP dimer in solution was added in a 
standard enzyme-linked immunosorbent assay. WARP bound strongly 
to immobilized perlecan (1 u.g/ml) (see Fig. 6A) with an apparent K D of 
23 nM {inset). Inclusion of 5 mM CaCl 2 or 10 mM EDTA in the incuba- 
tion and wash buffers did not significantly affect WARP binding to 
perlecan (not shown). 

Perlecan is a modular proteoglycan with a core protein that consists 
of five distinct domains (Fig. 5Q. To identify the region within perlecan 
that interacts with WARP, nine recombinantly expressed perlecan 
domains (I, I-mut, II, and V) and subdomains (III-l, III-2, III-3, iV-1, 
and IV- 2) (shown in Fig. 5B, lanes 2- JO) were assessed for WARP bind- 
ing in solid phase assays. In addition to binding to intact perlecan, 
WARP (50 nM) bound to perlecan domain I and subdomain 1II-2 but not 
any other perlecan domains (II and V) or subdomains (III-l, III-3, IV-1, 
and IV-2) (Fig. 65). Significantly, WARP did not bind to domain I-mut, 
a mutant variant of domain I that lacks the three heparan sulfate GAG 
chains (16), suggesting that the interaction with. domain I is via the 
heparan sulfate glycosaminoglycan chains. Saturation binding experi- 
ments using WARP over a range of concentrations (0-200 nM) and 
immobilized domain I, I-mut, and subdomain III-2 confirmed these 



interactions (Fig. 6C). Scatchard analysis derived from five independent 
binding assays revealed Rvalues of 34.0 ± 4.1 for the WARP domain I 
interaction and 50.6 ± 6.1 for the WARP subdomain III-2 interaction. 
WARP also bound to heparin, confirming that WARP can associate 
with heparan sulfate glycosaminoglycan chains (Fig. 6D). Because nei- 
ther the intact perlecan nor any of the recombinant fragments used in 
the present study were substituted with chondroitin sulfate GAG 
chains, we cannot test the possibility that WARP interacts with chon- 
droitin sulfate. The heparan sulfate GAG chains substituted on perlecan 
domain I are —100 nm in length (20). Quantitation of multiple fields of 
immunogold electron microscopy images from articular cartilage 
extracts, comprising more than 200 complexes immunostained for 
WARP, revealed that 75% of all detected WARP molecules were within 
100 nm of perlecan (Fig. 4D), consistent with an interaction between 
WARP and perlecan. 

The association between WARP and perlecan was explored further in 
real time by surface plasmon resonance analysis. WARP was coupled to 
a CMS sensor chip, and intact perlecan or recombinant perlecan sub- 
domains were applied to the sensor chip in solution. An interaction was 
observed with subdomain III-2 but not with intact perlecan or any other 
subdomains (Fig. 7A). Omission of Ca 2+ or the addition of 10 mM EDTA 
had no effect on the binding of WARP to fragment UJ-2 or revealed 
binding to the other perlecan fragments, indicating that the interaction 
between WARP and III-2 is not metal ion- dependent, consistent with 
the analysis of the WARP- perlecan interaction by solid phase assay. The 
reciprocal binding experiment where subdomain III-2 was coupled to 
the sensor chip surface and WARP in solution confirmed the interac- 
tion (Fig. 7A, inset). Soluble subdomain III-2 in the concentration range 
31-500 nM bound to immobilized WARP dose-dependently (Fig. 7B). 
Consistent with the apparent K n of 51 nM derived from the solid phase 
binding assays, global fitting of the WARP domain III-2 interaction data 
generated a K n of 44 nM (Langmuir 1:1 binding) with a x* value of 0.96 
for the curve fit. The presence of the His tag on WARP allowed assess- 
ment of binding of domain III to WARP using ligand capture. In this 
experiment an anti-His monoclonal antibody was immobilized onto the 
CMS sensor chip surface and used to capture His-tagged WARP (Fig. 
7Q. Kinetic analysis demonstrated that domain III-2 bound to captured 
WARP in a dose- dependent manner ( 12- 400 nM) with a global fit K D of 
34 nM (Langmuir 1:1 binding, # 2 = 0.33), confirming the high affinity 
interaction between domain 1II-2 and WARP. 

Although an interaction between WARP-perlecan and WARP 
domain I was identified in solid phase analysis (Fig. 65), this interaction 
could not be confirmed in the initial BIAcore studies (Fig. 7A). The 
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reason for the failure to detect an interaction between WARP and 
domain I or intact perlecan may be related to the carboxymethylated 
dextran CMS biosensor surface, which is not recommended for high 
molecular mass or negatively charged molecules. Perlecan has a 400- 
kDa core protein and is highly negatively charged because of the GAG 
chain substitution. To overcome these limitations of the CMS surface, 
WARP was coupled to the CI surface, a more appropriate surface for 
larger molecules, because it lacks the dextran chains, and the ligand can 
be coupled directly to the sensor chip surface. We observed dose-de- 
pendent binding (25-150 nM) of WARP to perlecan domain I but not 
mutant domain I that lacks GAG chains, confirming that WARP asso- 
ciates with the heparan sulfate chains of perlecan (Fig. ID). Attempts to 
fit the curves to a Langmuir 1:1 binding model globally were unsuccess- 
ful, suggesting that the interaction between WARP and the heparan 
sulfate GAG chains is not a straightforward 1:1 interaction. Intact per- 
lecan also bound to WARP coupled to the CI surface (data not shown). 

DISCUSSION 

In an effort to understand the role of WARP in cartilage matrix orga- 
nization, we investigated the tissue forms and distribution of WARP in 
cartilage and, using recombinantly produced WARP, initiated studies to 
identify WARP- interacting partners. We report that WARP is specifi- 
cally localized to the chondrocyte pericellular matrix of articular and 
fibrocartilages, forms disulfide-bonded multimeric structures, and 
interacts with the functionally important proteoglycan, perlecan. Our 
data suggest that WARP forms macromolecular structures that contrib- 
ute to the assembly and/or maintenance of "permanent" cartilage mat- 
rices during development and in mature cartilage. 

The distribution of WARP in cartilage is unique. Rather than being 
widespread throughout the cartilage anlage of the limbs, spine, and 
sternum that will undergo endochondral ossification, WARP mRNA 
and protein were restricted to articular cartilage and specialized fibro- 
cartilages. The localization of WARP to the presumptive articular car- 
tilage within the precavitation joint interzone and the absence of matri- 
lin-1 from this tissue provide evidence that articular cartilage is 
biochemically distinct from epiphyseal cartilage from an early stage 
rather, than persisting as a cartilaginous remnant that fails to undergo 
differentiation along the endochondral ossification pathway. 

In post-natal joints, WARP localizes to the pericellular microenviron- 
ment, or chondron, of chondrocytes in articular cartilage and in menis- 
cus. The chondron is a mechanically robust structure that includes the 
chondrocyte and the surrounding fibrous capsule and is particularly 
rich in perlecan and type VI collagen, although other ECM components 
including laminin-1, hyaluronan, fibronectin, and biglycan are also 
present (reviewed in Ref. 27). The present study identifies WARP as a 
novel component of this complex macromolecular structure. 

WARP shares several similarities with the matrilins including the 
presence of an M-terminal VWA domain, the ability to form disulfide- 
bonded multimeric structures in cartilage, and the ability to interact 
with other cartilage ECM macromolecules (28). Although the guani- 
dine-soluble WARP multimeric structures extracted from cartilage may 
be composed of WARP bound to other matrix components, similar to 
the hetero-oligomers formed between matrilin-1 and matrilins-3 (29), 
-2, and -4 (30), recombinant WARP purified from transfected cells 
forms oligomers that are reducible to a single 50-kDa monomeric band, 
suggesting that WARP has the capacity to form large homo-oligomeric 
structures. The mechanism of WARP multimer assembly remains 
unclear because WARP does not contain C-terminal heptad repeats 
similar to the ones found in matrilins (30, 31) or a triple helical domain. 
Site-directed mutagenesis experiments demonstrated that both cys- 
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FIGURE 6. WARP interacts with perlecan in solid phase assays. A, WARP binds to intact 
perlecan. Perlecan was coated at 1 jig/ml and incubated for 1 h with recombinant WARP 
(0-200 nM). Bound WARP was detected using polyclonal rabbit anti-C-terminal anti- 
serum, and the data are the means of triplicate determinations ± S.E. Inset, Scatchard 
analysis of binding data reveals an apparent K D of 23 nM. B, WARP interacting with recom- 
binant perlecan fragments. Perlecan domains I, l-mut, II, and Vand subdomains 111-1, 111-2. 
IH-3, IV- 1 , and IV-2 were coated at 5 /ig/ml and incubated for 1 h with recombinant WARP 
dimer (50 nM). C, saturation binding of WARP to perlecan fragments. Perlecan fragment I 
(diamond), l-mut [triangle), and 111-2 (square) were plated at 1 jig/ml and incubated with 
WARP dimer (0-200 nM) in quadruplicate. 0, binding of WARP to heparin. Heparin was 
coated at 1 jxg/ml and incubated with WARP dimer (0-200 nM). 

teine residues participate in intermolecular disulfide bridge formation 
and that both cysteines are required for stabilization of high molecular 
mass multimers. The multimerization of WARP potentially brings 
together a cluster of VWA domains, which might be essential for inter- 
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FIGURE 7. Analysis of WARP-perlecan interaction by surface plasmon resonance. A, WARP binding to periecan fragments. WARP immobilized on a CMS sensor chip was presented 
with intact periecan and recombinant periecan fragments I, l-mut, II, MM , 111-2, 111-3, IV-1, IV-2, and V in solution in HEPES-buffered saline buffer in the presence of 5 nui CaCI 2 injected 
at a flow rate of 5 jd/min. Domain 111-2, but no other periecan fragments, bound to WARP. Inset, reciprocal binding plot showing immobilized domain III -2 interacting with soluble 
WARP. 8, kinetic analysis of periecan subdomain 111-2 binding to WARP. Recombinant 111-2 (3 I -500 hm) was injected at 30 fil/min over WARP immobilized to a CM5 surface. Binding of 
the periecan fragment is apparent during the association phase followed by the loss of binding during the dissociation phase. Langmuir 1 :1 binding curves were fitted globally to the 
data (K D = 44 nM) with a y 2 va ' ue f° r tne curve fit of 0.96 (not shown). C, analysis of periecan subdomain III-2-WARP interaction using WARP bound to immobilized anti-His antibody. 
Recombinant 111-2 (12-400 nM) was injected at 30 /xl/min over WARP bound to monoclonal His antibody immobilized to CMS surface. Only the region of the curve showing the 
association and dissociation of domain III-2 to WARP is shown. Langmuir 1 :1 binding curves were fitted globally (ff max fitted locally) to the data (K D = 34 nM) with a x* value for the 
curve fit of 0.33 (not shown). The inset shows a full binding curve including the capture of WARP (first association curve) and subsequent injection of domain 111-2 (second association 
curve). In absence of bound WARP periecan 111-2 did not bind to His antibody (dotted line exhibiting no binding response). D, periecan domain I binding to WARP. Domain I (25-1 50 
nM), injected at 30 /xl/min, bound to WARP coupled to C1 sensor surface {black lines) in a dose-dependent manner. In contrast, WARP did not bind to mutant domain I (150 nM) lacking 
heparan sulfate GAG chains (dotted line showing no binding to WARP). For all binding curves the data are expressed as the change in relative response units following injection of 
soluble ligand over sensor chip surface. Open and closed arrows indicate the start and end of each injection. 



actions requiring multiple binding sites, or may function to bring mul- 
tiple interacting partners into close proximity. 

We identified two binding sites for WARP on periecan: one on sub- 
domain III-2 of the protein core and a second site on the heparan sulfate 
GAG chains in N-terminal domain I. The periecan core protein has 
been shown to associate with a range of basement membrane macro- 
molecules including collagens (IV and XIII), laminin- 1, nidogens 1 and 
2, /31-integrin, a-dystroglycan, as well as fibulin-2, fibrillin- 1, ECM-1, 
PRELP (proline-arginine-rich end leucine-rich repeat protein), 
fibronectin, heparin, and several growth factors (platelet- derived 
growth factor, FGF-2, FGF-7) and FGF-binding protein (19, 32-37). 

The cation independence of the interaction between WARP and per- 
iecan suggests that this binding is not mediated by the metal ion -de- 
pendent adhesion site motif of the WARP VWA domain. In support of 
this is the recent finding that the VWA domain of a2 integrin associates 
with periecan domain V (38). Our failure to detect WARP binding to 
domain V argues that the WARP VWA domain is not involved in per- 
iecan interactions, although we cannot exclude an ion-independent 
interaction with the VWA domain at the present time. 

A more likely explanation is that the periecan- interacting domains of 
WARP lie within other domains such as the fibronectin type III repeats, 
because fibronectin has been shown to bind to periecan or the positively 
charged C-terminal domain (see below). We are currently conducting 
further studies to explore these possibilities. 

Domain III, the binding site for WARP on the periecan core protein, 
has an elongated shape of 30 nm and consists of alternating globular 



laminin domain IV-like modules separated by rod-like segments com- 
posed of laminin-type EGF motifs, an arrangement that is similar to the 
short arm of laminin al chain (18, 39). Although no structural matrix 
proteins have been reported to interact with domain III, two growth 
factors have been shown to associate with domain III, FGF-7 and plate- 
let-derived growth factor, which interact with subdomains III- 1 and 
III-2, respectively (34, 40). 

We present evidence that WARP interacts with the heparan sulfate 
GAG chains of periecan. Several molecules have been shown to form 
high affinity associations with the heparan sulfate chains of periecan 
domain I including collagen IV, fibronectin, the E3 domain of laminin- 1 
(41), PRELP (33), and the growth factor FGF-2 (42). It has been reported 
that periecan isolated from growth plate and articular cartilage contains 
both chondroitin and heparan sulfate GAG chain substitution (22, 43). 
Because the periecan isolated from Engelbreth-Holm-Swarm cells used 
in our binding studies was only heparan sulfate substituted, we cannot 
assess whether WARP associates with periecan substituted with chon- 
droitin sulfate. 

PRELP is a cartilage component that belongs to the small leucine-rich 
repeat protein superfamily and associates with collagen via the LRR 
domain and the heparan sulfate chains of periecan domain I via the 
proline-arginine-rich region (33). WARP has a short proline-arginine- 
rich sequence at the C terminus, raising the possibility that, as with 
PRELP, this domain in WARP interacts with the heparan sulfate side 
chains. An association of positively charged arginine-rich regions with 
negatively charged GAG chains would be expected to be electrostati- 
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cally favorable. In addition, because perlecan is known to sequester a 
range of bioactive compounds such as cytokines and growth factors, 
WARP binding to the heparan sulfate chains may modify the storage 
and/or release of these important growth factors. The interaction 
between WARP and perlecan heparan sulfate chains also suggests that 
WARP may bind other heparan sulfate proteoglycans such as the cell 
surface syndecans and glypicans, potentially mediating interactions 
between chondrocytes and the cartilage ECM. Finally, it has been 
reported that the GAG-substituted domain I but not the protein back- 
bone is sufficient to initiate the chondrogenic program in pluripotent 
C3H10T1/2 cells (44). In light of our finding that WARP is present in 
developing articular cartilage prior to joint formation, one exciting pos- 
sibility that warrants further investigation is that the WARP perlecan 
interactions regulate articular cartilage chondrogenesis. 

Acknowledgment— We thank Dr. Daniele Belluoccio for providing cartilage 
extracts. 
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